Abstract -Both particulate phosphorus (PP) and soluble phosphorus (SP) contribute to the eutrophication of water bodies. This research focuses on the mechanisms and factors controlling SP exports at the watershed scale in a case study located in Southern France. Variability in the P concentrations and fluxes was analysed over a period of 6 years in a 302-ha rural watershed. During most of the hydrological periods, reservoirs and pathways for PP and SP seemed to be different both in time and space; differences were greatest during storm flows of the early wet season. Their high SP fluxes and concentrations were due to the P released from agricultural soils as shown by a P mass balance downstream/upstream. During these flushing periods, soluble forms of P follow a hydrochemical behaviour quite similar to solutes and are transferred in relationship to subsurface flows, as shown by a detailed monitoring of the transition from dry to wet season on an agricultural sub-watershed. soluble phosphorus / watershed / no point source / storm flows / losses Abbreviations: PP, particulate phosphorus; SP, soluble phosphorus; SRP, soluble reactive phosphorus; TSS, total suspended solids; TP, total phosphorus.
INTRODUCTION
Most phosphorus (P) transfer from rural watersheds towards aquatic environments occurs during storm-flow periods and in particulate forms [11, 35, 56, 66] . In general, the contribution of soluble forms of P (which include soluble reactive P -henceforth called SRP) at the outlets of agricultural catchments is low and rarely exceeds 20% of annual total P (TP) flux [27, 46] . This supports the standard hypothesis by which the erosion during storm-flow events is assumed to determine particulate P (PP) concentrations, which in turn release and/or control soluble P (SP) concentrations (H 2 ; H ) by sorption-desorption processes [67] . However, recent papers show that SP transfer might not be entirely dependent on total suspended solids (TSS) concentrations [23, 58] .
Diffuse transfers of P from soils towards surface waters are the result of interactions between diverse types of runoff and easily mobilised P loads located in and on the soils or in the hydrological network. If surface runoff (overland flow) leads to soil erosion, PP and SP are released simultaneously due to interaction between the water and the first few cm of the topsoil [15, 16, 74] . The amounts thus released are mainly driven by hydrological processes. However, erosive runoff is spatially limited and temporarily confined [23, 30] . Other hydrological transfer pathways, non-erosive surface runoff [9, 71] and subsurface flow or deep flow mobilise, in theory, only SP and, exceptionally, fine particles. SP always comes from exchanges and solubilisation phenomena which occur as soon as water is in contact with soil or suspended solids [51, 54, 61, 73] . The concentration of SP increases in surface runoff and subsurface runoff when the soils are rich in labile P [24, 33, 53] , which can result either from long-term accumulation (fertilisation) or from temporary over-concentration at the soil surface (i.e., during the manure-spreading period).
In artificially drained areas, drain flow can export large amounts of TP [70] . The fluxes released through these subsurface pathways can be greater than 1 kg TP ha -1 yr -1 [7, 59] , with SRP concentrations as high as 0.4 mg P L -1 [1, 32] . A variable proportion of P (<10%) is also exported in particulate form, via the soil's preferential pathways, such as macropores [22, 25, 58] .
In the absence of artificial drainage, deep percolating transfers are in general limited by the P-fixing capacity of soil [16] , especially in calcareous areas [41] . Exceptionally, high concentrations and fluxes of SRP >0.3 mg P L -1 have been reported to leach from specific soil types, for example organic soils [47, 57] or more or less anoxic soils [7, 20, 26, 50] . Due to their high macroporosity, sandy soils appear to be sometimes favourable for subsurface SRP or SP movement [44, 68] , but those phenomena are still only approximately quantified and explained.
Some high rates of SP export therefore seem to be related to specific agricultural practices (artificial drainage, over-fertilisation and extreme soil conditions). It is of interest to determine whether in the current situations -that is to say, under nonspecific soil or management conditions -SP movements on the watershed scale are really negligible, or if they are concealed because of speciation changes in the hydrological network [12, 36, 40] . We assume that: (1) there are critical periods which are particularly favourable to the release of SP from soils in runoff whatever the soil conditions are, and (2) consequently, SP dynamics can be relatively independent of PP (or TSS) dynamics.
In order to deal with these assumptions, we studied timespace variability in SP and SRP losses, in a 302-ha agricultural watershed under agricultural and soil conditions believed not to be particularly favourable to SP export. SP dynamics were compared with those of PP and TSS, and also with those of other elements, anions such as and Cl -, which can help to trace subsurface transfer or leaching in soils. By conducting the study on a watershed scale, it was possible to integrate the diversity of phenomena involved and their cumulated effects.
This extensive research, focused on SP transfer, follows a previous published work which developed a typology relating phosphorus exports to the seasonal changes in runoff characteristics and to the hydrological connections of the studied watershed [30] . We thought that a new contribution was needed to provide additional insights to improve the conceptual model of SP dynamics on the field and watershed scales. This work is supported by a set of original data concerning spatial and temporal variability in SP transfer: (1) 6 years of continuous monitoring at the outlet of the 302-ha watershed justify a comparative study of variability of SP, SRP, PP, TSS, and Cl -; (2) a detailed monitoring of the cultivated sub-watershed (4.4 ha) during a transition from the dry to wet season, and (3) a calculation of a P mass balance upstream and downstream of the watershed hydrological network during storm flows. This allowed more accuracy when specifying the role of sediments with respect to the control of the forms and amounts of exported P.
MATERIALS AND METHODS

Study area
The Mercube river watershed (302 ha) is a tributary of Lake Léman (southern side Long. 06°18'; Lat. 46°21' France). The watershed is characterised by gentle slopes (Fig. 1 ). Some areas with fine-textured soils are unsuitable for agriculture and covered by forest (123 ha), or are artificially drained (3 ha), and often have a perched water table in winter. The rest of the area is composed of loamy, deep (1m), naturally well-drained soils, and covered predominantly with wheat (Triticum Aestivum), corn (Zea Maize) fields (120 ha) and grassland (50 ha). There are a total of 170 individual agricultural fields averaging 1 ha in size. The agricultural soils are mainly "brown soils" (association of Typic Eutrudepts and Typic Hapludolls, USDA, Soil Taxonomy). Their available P content (Olsen-P) [48] varies from 10 mg P kg -1 in grassland to 60 mg P kg -1 in cultivated fields. This last value is greater than the value necessary for optimum yield response [43] . The subsoil of the watershed consists of an impervious calcareous till which favours surface runoff and subsurface flow to the detriment of deep percolation [19] . Because of the gentle slopes and short length of the fields, runoff is generally not able to concentrate and erosion rarely leads to shallow gullies in the fields [71] . Urban impervious surfaces (roofs and roads) cover 9 ha. All the houses in the watershed are connected to a modern sewage system treatment plant (with P removal) whose outlet pours directly into the lake. So there are no point sources discharging into the hydrological network, as confirmed by exhaustive surveys [19] . During the 6-year study, overall land use and crop rotation remained constant (wheat -corn rotation).
A 4.4-ha sub-watershed representative of agricultural land use and with the highest local risk of P transfer by erosion (5% slope) was also monitored from Nov. 96 to Jan. 97. The only land use of this sub-watershed was wheat and corn crops. During the monitoring period, winter wheat covered 80% of the surface area ( Fig. 1) while 20% of the surface was a harvested corn plot, in which the soil had been compacted by wheel tracks where water could concentrate during rainfalls. In contrast, the lumpy structure of the wheat fields was favourable to water infiltration.
Hydrological conditions
The hydrological network (streams and ditches) presents a drainage density of 35 metres ha -1 , which is considered low [64] . In the lower forested part of the watershed, riverbanks are subject to erosion when water discharge is high. Perennial springs emerge from isolated sandy subsoil layers, which are the predominant sources of stream water under low-flow conditions. The spring waters are rich in calcium bicarbonate.
The watershed hydrology during storm flows from September 95 to January 97 has been described and related to the P fluxes by [30] , including the identification of the hydrologically active sub-watersheds and runoff conditions on the fields. Field runoff conditions, based on observations of the appearance of signs of erosion and their positions in the plots [39] were described from 15 fields that represented the agricultural land use.
During the storm flows of the dry summer period, the hydrologically active areas of the watershed were restricted to the impervious urban area (sector A, Fig. 1 ). The hydrologically active zone increased progressively during the early wet season storms, first to all the flat areas and slope bottoms (sector D, Fig. 1 ), then to the forest areas (sector B, Fig. 1 ), and lastly to the slopes of the cultivated areas (sector C, Fig. 1 ). Each year, the same scenario was observed and was spread over two to six consecutive storm flows, which corresponded to cumulated rainfall of between 150 and 250 mm. This scenario occurred during the falls, causing water tables to recharge. The progressive response of the various sub-watersheds can be explained by the variability in the runoff conditions related to the diversity of the land use and topography of the watersheds. During the early wet season storm flows no signs of erosion were observed for any of the reference fields. 
Sampling location and methods
An automatic sampler was used between 1993 and 1999 at the outlet of the watershed to collect a grab sample every 15 min. Two strategies were used.
(1) From Jan. 1993 to Jan. 1997, low-flow and storm-flow periods were considered separately. During low-flow periods (discharge was constant or slightly decreasing), 32 grab samples were combined to form an 8-hour composite sample and water quality. Analyses were carried out on these composite samples. During storm flows, analyses were performed on 1-h composite samples integrating 4 grab samples.
(2) After Jan. 97, whatever the hydrological conditions, the 8-h composite samples were flow-proportionally mixed to give one weekly composite sample for analysis [12] .
The flow-rate monitoring station consisted of a V-and trapezoidal-notch sharp-crested weir at a drop-off (for small and high discharge, respectively). Water level was recorded with a floating water level gauge.
A 4.4-ha sub-watershed ( Fig. 1 ) was sampled with the same device, and samples were composed according to the first strategy (described for the period Sept. 96-Jan. 97). Local climatic conditions were obtained from a meteorological station established at the study site. Rainwater quality was also routinely analysed.
Analytical methods for water quality
All samples were stored at 4°C and then filtered and analysed within one week. This sample storage protocol was found to have a negligible impact on the parameters analysed [49] . The following parameters were measured: Total Suspended Solids (TSS) were measured by filtering water samples of between 100 and 600 ml through pre-weighed GF/F Whatman filters (pore diameter of 0.7 µm). The 0.7-m GF/F Whatman filters were preferred to the 0.45-m filter for high TSS waters (up to 6 g of TSS L -1 ). Total phosphorus (TP) in unfiltered water, total phosphorus in filtered (0.7 µm) water (SP for Soluble Phosphorus) and molybdate-reactive phosphorus considered to be orthophosphates (currently noted SRP for Soluble Reactive Phosphorus) were measured. Interlaboratory comparative P analysis [65] on a wide range of waters (lakes and rivers in France and Switzerland) has shown that there is no significant difference between a 0.7-µm filtration and the more classical 0.45-µm filtration with regard to TSS, PP and SP measurements. P was analysed according to standard methods [14] . Total and soluble P were converted to orthophosphate by acid persulfate digestion in an autoclave. PP was obtained from the difference between TP and SP. The P content of TSS (in mg P kg -1 ) was calculated as the ratio between PP and TSS. Cl -and were also measured using ion chromatography [13] .
Calculations
Storm-flow event duration
The storm-flow period was defined as beginning with an increase in water flow and ending during the falling limb of the hydrograph when the concentration of SRP returns to its original level. This approach seemed reasonable as we were studying P dynamic and because the return to the initial hydrological state sometimes takes many weeks (particularly during the water table recharge periods). This definition was applied regardless of the value of the maximum discharge. Multi-peak events were treated as a single storm-flow event.
Exports and mean concentrations at the outlet
During any given period (for example, a storm-flow event), the exported load was calculated by summing up the products of concentration and water volume for each time interval during which the sample was collected [69] . The storm-flow event mean concentration was obtained by dividing the load by the corresponding volume of water. Whatever the sampling strategy used, weekly mean concentrations presented in this paper are always flow weighted.
Estimation of the contribution of the active zones
The mean concentrations at the watershed outlet were simulated for solutes (SP, SRP, Cl -and ) and particles (TSS and PP) from September 96 to January 97, during four storm flows. Computations were based on the export coefficient method:
Cj: mean concentration corresponding to land use j, Sj: active surface area of land use j during the storm flow, S act: total active surface of the event.
During each storm flow, the diverse land use (j) surfaces (forested, urban and agricultural) involved in runoff (Sj) were determined by mapping the active hydrological sub-watershed. For each of these hydrologically active sub-watersheds, water quality (Ci) was defined, either based on real-time automatic sampling of the agricultural 4.4-ha sub-watershed, or on grab sampling for forest and impervious urban areas (Tab. I). Calculated mean concentrations were compared with measured mean concentrations at the outlet (flow-weighted concentrations) to examine if the concentrations observed at the outlet of the whole basin could be explained by those released by the active areas.
The method used to calculate P concentrations oversimplifies the diversity of the land use in the watershed. First, assimilating the agricultural water quality with that of the 4.4-ha sub-watershed constitutes a simplifying hypothesis that overestimates the concentration of TSS and PP (this sub-watershed has the highest potential for erosion of the whole agricultural area). Another simplifying hypothesis concerns the quality of runoff from impervious surfaces (9 ha) that was chosen to be equal to that of rainfall (no accumulated deposits during a wet period). Table II shows, for the period 1993-1998, (1) the annual mean concentrations of the water quality parameters measured at the outlet and (2) the corresponding agricultural export coefficients. Two years of data have been added to those presented by [30] , allowing a better characterisation of the watershed and new insights into SP dynamics.
RESULTS
Overview of watershed exports
TSS exports from the whole basin remained below 500 kg ha -1 for 4 years out of 6, and never exceeded 900 kg ha -1 . If the entire TSS flux is attributed to surface erosion of agricultural fields, which corresponds to an overestimation (disregarding forest and river bank erosion), the mean erosion rate would reach 820 kg ha -1 of cultivated area, a value within the usual range Table I . Concentrations of chemicals and TSS attributed to forested and urban impervious areas [30] . of erosion values measured for agricultural fields with slight slopes, in this part of Europe [45] .
The mean PP concentration for the six years (111 µg P L -1 ) was far greater than that of SP (31 µg P L -1 ) and SRP (20 µg P L -1 ). SP was made up of about 65% SRP. This proportion remained stable between the annual means (65.4% ± 4).
The mean PP/TP ratio was 79% and was also relatively stable on the annual scale, as shown by the relative standard deviation (= standard deviation / mean) in Table II (n = 6, Rel. Stand. Dev. = 6%). However, this ratio was highly variable (from 20 to 90%, n = 312, Rel. Stand. Dev. = 24%) when all the weekly means over the 6-year period were considered. These values are usual for agricultural watersheds [56] .
TP export coefficients were always below 0.7 kg P ha -1 yr -1 , with an average of 0.4 kg P ha -1 yr -1 for the entire watershed, i.e. two-to three-fold the natural background noise values measured locally, in forest or pasture watersheds [4, 49] . Such P fluxes corresponded to the lowest of the values reported by [21] or [28] , a low value compared with those measured in watersheds with similar land uses in which fluxes often exceeded 1 kg P ha -1 yr -1 [32, 37, 52] . The areal export values of SP and are also in the lower range of values found in the literature for equivalent land use. All these results highlight the relatively moderate intensity of transfers in the watershed studied.
There was no temporal pattern during the study period, although variability of different parameters could reach high values (Tab. II). The relative standard deviation showed that the variability of annual TSS concentrations was quite high (50%) compared with annual rainfall (10%). This confirms the importance of seasonal distribution of rainfall on erosion. For other water quality parameters, the relative standard deviations were similar to that of water volume (22%): Cl -(21%), SRP (19%) or SP (16%) and (14%). Variability of PP (29%) was intermediate and twice as much as that of SP.
Some variations over the 6 years were linked to annual water volume. The mean annual concentration of PP showed a high linear positive correlation with total annual water volumes (R 2 = 0.96). The same trend was observed for TSS concentrations, except for one year (R 2 = 0.96). In contrast, Cl -concentrations showed a negative linear correlation with water volume (R 2 = 0.84). SP and SRP had a very weak positive relationship with water volume (R 2 < 0.4) while was not related to water volume. Consequently, the PP/SP ratio tended to increase (from one-fold to two-fold) with the annual rainfall (R 2 = 0.88) and volumes of water flowing at the outlet (R 2 = 0.68). The differences in mean concentration-water volume relationships, like the differences in variability, reveal the diversity of the patterns of storage and transport, on the watershed scale. They also show the specificity of SP and SRP whose overall behaviour was sometimes closer to soluble and Cl -than to particulate forms.
Seasonal dynamics of SP concentrations at the outlet
The proportion of the annual SP and PP export that occurred during storm flows was 83 and 96%, respectively. Six years of variations in weekly mean SRP concentration ( Fig. 2A) showed a succession of narrow peaks corresponding to storm-flow periods. Between the peaks, i.e. at low flow (< 10 L s -1 ), water quality was characterised by a low SRP mean concentration (n = 140, mean = 8 µg L -1 , Std dev = 12 µg P L -1 ), a concentration close to or even lower than that of spring-water grab samples (n = 79, mean =10 µg P L -1 , Std dev = 11 µg P L -1 ). Total-P concentrations were very stable within the same week [31] and did not show the typical temporal pattern of brooks polluted by point sources (daily and weekly cycles of concentrations during low-flow periods) [12] .
During high flows, the amplitude of the SRP peaks (each data point is a weekly mean) greatly varied (maxima from 10 to 151 µg P L -1 ) but had no obvious correlation (r < 0.1) either with PP or water discharge (Fig. 2) . The six maximum mean concentrations all occurred during the early wet season storm flows (the autumn period). During these events, the maximum SRP concentrations of the individual 8-h pooled samples reached extremely high values (85, 130, 180 and 363 µg P L -1 from 1993 to 1996, respectively) with correspondingly high values for the SP/PP ratio (64%, 30%, 45% and 52% from 1993 to 1996, respectively). The two or three storm flows subsequent to these post-summer periods also exhibited relatively high SRP concentrations (80 to 100 µg P L -1 on average), i.e. twice as high as the other storm flows. Similarly, the low flows between these highly-concentrated storm flows had 5 to 10 times higher SRP concentrations than the usual low flows.
This autumn rainy period corresponds to a recharge period, characterised by the rewetting of soils. It also exhibited particular properties with concentrations that also presented annual peaks occurring within the same month (Fig. 2B) . The concentration dynamics, however, differed from those of SRP, the maximum concentrations being reached between storm flows. This behaviour is related to known flush dynamics [8, 42] : the rewetting of soils results in a sudden increase in N mineralisation and, as this often coincides with a reduced N uptake, the transport of water through soil provokes a N flush. ) during the autumn periods and lower values (10 mg L -1 ) at the end of the winter period (data not shown). We can therefore assume that and Cl -were subject to the same leaching process due to the same adsorption mechanism on the soil solid phase.
Specificity of storm flows during the early wet season
In spite of the relatively low volumes of water produced during the storm flows of the early wet season (on average 7% of the annual volumes of water at the outlet), and despite the small number of storm flows (2 to 6 out of an annual total of about 40), an average of 14% of the SRP annual flux was exported during this period. P dynamics during the autumn period of 1996 is given here as an example: an early wet season storm flow (12th Nov. 96) is compared in Table III with a previous minor urban runoff event (5th Nov. 96) and with two subsequent storm flows in which active zones were extended to all of the watershed. The four storm flows show a progressive increase in the hydrologically active area of the watershed : sector A (Fig. 1) is involved in the storm flow of 5th Nov. 96, sectors A and D in 12th Nov. 96 and all sectors in the last two storm flows. Signs of erosion were observed only for the last storm flow (19th Jan. 97). The autumn recharge storm flow differed from the previous or subsequent storm flows in terms of its high mean concentration of soluble elements and SP/TP ratio. The mean SP/TP ratio of the 12th Nov. 96 storm flow (45%) was comparable with that of the 5th Nov. 96 urban storm flow (50%) but considerably greater than the later storm flows (28 and 15%, respectively). SRP, and Cl -concentrations were at least seven times greater than those of the last two storm flows. This difference in concentration of solutes explains why the daily exportation of the 12th Nov. 96 storm flow remained at a high level in SP and SRP compared with the subsequent storm flows, in spite of lower discharge, lower volume and a lower hydrologically active area. The daily exportations were also considerably greater than those of the urban storm flow (10 to 100 times). The low TP export values during the urban storm flow (Tab. III) is representative [29] of the low amount of TP usually accumulated on the urban areas of the Mercube watershed (the maximum observed was 160 g of TP). Consequently, the urban sub-watershed had little effect on exports during storm flows of the early wet period and wet period.
The differences observed during 1996, between the early wet season storm flows and the following ones, can be applied to the whole period studied. Figure 3 was established on the basis of the 15 storm flows which had been subject to field monitoring (Sept. 1995-Jan. 1997), making it possible to classify them depending on the active zones and the kind of runoff. The early wet season storm flows can be clearly distinguished from subsequent storm flows with active areas extended to the whole basin, by high concentrations in (all above 4 mg N-L -1 ), Cl -(> 12 mg L -1 ), SRP (> 50 µg L -1 ), and the high contribution of SP to the TP exports (> 35%). In consequence, the storm flows of the early wet period appeared to be especially efficient at transferring solutes and particularly dissolved forms of P. We can assume that these properties indicate a temporary over-accumulation of SP on the watershed. The P thus stored seems to be easily released and mobilised by storm-flow events in which overland flows play only a minor part.
SP emissions in an agricultural sub-watershed
An agricultural sub-watershed of 4.4 ha (Fig. 1) was continuously monitored in 1996 as soon as it became hydrologically active (12th Nov. 96, first storm flow of the wet period) until the appearance of the first signs of erosion (erosive storm flow, 19th Jan. 97). The first storm flow was characterised by very high mean concentrations of soluble elements (flow-weighted value, Tab. IV), with SRP maximum values of 281 µg P L -1 . During this same storm flow, the SP (composed of 80% SRP) was predominant (58% of TP). Such high values of SP/TP remained during the three subsequent storm flows (from Nov. 18th to Nov. 27th). Grab samples collected out of other agricultural sub-watersheds for three years [30] , confirmed the preponderance of SP (n= 56, mean SP/TP = 56%, Std Error = 4) and the relatively high concentrations of SP (n = 56, mean = 52 µg P L -1 , Std Error = 5). The succession of storm flows studied in 1996 was also characterised by a gradual decrease in the mean concentrations of and Cl -(Tab. IV). This decrease indicated that it became increasingly difficult for the runoff water to transfer soluble elements, reflecting the fact that the soil sources of solutes were gradually being depleted. The same trends could be observed for SRP and SP. All these storm flows The erosive storm flow of the 19th Jan. 97 marked a considerable change in the hydrochemical properties. This event was distinguishable above all by a large number of signs indicating general overland flow, by its very high TSS concentrations (max. of 6 g P L -1 ), PP concentrations (max of 1.2 mg P L -1 ) and by a low P content of the TSS (< 300 µg g -1 on average, i.e. twice as low as in the other storm flows). Indeed, except during storm flows associated with signs of erosion (2 to 3 times a year), P inputs from agricultural diffuse sources during storm flows seemed to occur in predominantly soluble form.
The detailed monitoring of concentrations during the first storm flow of the period (12th Nov. 96) is shown in Figure 4A -B. The various forms of P (Fig. 4A) were more concentrated between 10 h and 18 h. Conversely, the and Cl -were diluted at the storm-flow peak by a factor of two (Fig. 4B) which is a typical pattern for these ions. Soluble forms of P varied independently from PP and TSS although current models describe them as closely related [55, 60, 62] . Indeed, SRP and SP concentrations evolved very slowly and steadily, as opposed to those of PP and TSS, which responded in bursts to each change of water discharge. The maximal SRP concentration (0.3 mg P L -1 ) and SP concentration were reached during the peak flow, but during the recession concentrations remained very high (> 0.2 mg P L -1 ), close to the peak values. This was not the case for PP or TSS concentrations, which soon went back to values close to the background level; respectively, 0.01 and 5 mg P L -1 . As a consequence, PP concentration only exceeded SP concentration for 3 h and, on the flow-event scale, the mean SP concentration was greater (30%) than that of PP.
The fact that unusually high SP and SRP concentrations were maintained during the recession limb over long periods of time (> 10 h) in the absence of TSS reveals a decoupling of soluble and particulate forms of P. The absence of signs of erosion, superficial runoff observed only at slope bottoms and the high concentration of and Cl -associated with the recession, all suggest that the subsurface flow was the main pathway for water to the slope bottom. The transferred SP may therefore be the result of (1) general subsurface emission and transport or Cl -and SRP behaved slightly differently, because the binding capacity of the soil is selective for SRP and/or because or Cl -are distributed over a greater depth than SRP and can be leached more deeply.
Balance input/output during some storm flows
It was important to estimate whether the concentration of SP observed at the outlet of the whole basin could be explained by the SP content of the runoff emitted by the active areas involved in a given event. To test this, we compared (Tab. V) the mean flow-weighted P concentrations measured at the outlet with calculated mean concentrations simulating the sum of the contributions of the diverse active areas (calculated according to Eq. (1)). The balance measured/calculated concentrations is evaluated for each storm flow that occurred between the early wet season storm flow of 12th Nov. 96, up to the erosive storm flow of 19th Jan. 97. The same approach was used for Cl -, and TSS.
During this sequence of successive storm flows, the amounts of SRP measured and exported at the watershed outlet closely fitted with the values calculated to estimate the SRP released by all the active zones (Tab. V). First of all, this result tends to show that the export of SRP at the outlet of the whole watershed can be due only to SRP released from the soils, especially from agricultural soils. Everything occurs as if SRP was not drastically controlled during the transfer (especially controlled by TSS). In the same way, the estimated concentrations of active areas in and Cl -(typical of the subsurface component) closely fitted with their values measured at the outlet. These similarities between solutes validate our estimations.
In contrast, the TSS and PP concentrations at the outlet systematically exceeded the values calculated for the active zones, generally by a factor of between 3 and 5. This phenomenon was attenuated during the erosive runoff storm flow (19th Jan. 97). The hydrological network contribution therefore appeared to be a determining factor in TSS and PP emissions for all these storm flows, by re-suspension of sediment or by the erosion of river banks. This result could explain why, while SRP or SP was predominant in runoff from the agricultural areas, (Tab. IV, Fig. 5 ), the forms of P at the outlet were mainly particulate (70% on average annually, Tab. II).
DISCUSSION
The 302-ha rural basin studied is characterised by moderate exportation coefficients of P, and TSS, compared with the values reported for cropping zones in the literature [21] . This can be related to a relatively high proportion of forest land (1/3), the gentle relief (low erosion rate) and the small area artificially drained in the cultivated land. The levels of P measured in the springs were low enough to conclude that deep transfers are very limited. Overall, the cultural and soil conditions are not a priori favourable to SP transfer in this watershed. Both soluble (SP) and particulate phosphorus (PP) were exported at the outlet mainly during storm flows. The PP form represented 80% on average of the total P, which is often the case for other watersheds [27, 56, 66] . The annual mean SP concentration over the period of study, which represents the immediately bioavailable fraction of TP, was close to the threshold for the onset of eutrophication of Lake Léman (30 µg L -1 [3] ). SP was constantly made up of 70% SRP. By studying the variability in concentrations and fluxes of SRP and SP at different time steps and on different scales, and by comparison with the behaviour of , Cl -and TSS, it was possible to establish the specific patterns of SP behaviour.
The decoupling of SP and PP
The standard hypothesis by which the erosion of active zones during storm-flow events is assumed to determine PP concentrations, which in turn control those of SP, was contradicted by at least 4 phenomena observed at different time steps:
(1) the interannual variability in exports at the outlet showed that SP and PP variability was not correlated; SP behaviour was similar to that of and Cl -; (2) before being combined in the hydrological network, the runoff from most of the hydrologically active areas of the watershed exhibited a phosphorus speciation predominated by the soluble forms, even during most of the high-flow periods;
(3) at the outlet of the whole basin, storm-flow events occurring during the beginning of the wet period always exhibited very high SP and SRP (up to 0.5 mg P L -1 ); the same dynamics were observed in a cultivated sub-watershed; (4) lastly, during the storm-flow events studied, the evolution of concentrations and fluxes of SP and PP were not coupled; the same phenomena was observed simultaneously both in the cultivated sub-watershed and at the outlet of the entire watershed.
These facts support the idea that SP or SRP can often migrate or originate independently of PP. The differences in behaviour are greatest during the storm flows of the early wet season: a limited supply of PP and TSS comes mainly from the hydrological network, while simultaneously soluble forms of P seem to be easily extracted and transferred from cultivated soils. However, in a succession of storm flows, the SP available for export decreases progressively, following the same behaviour as and Cl -. Finally, we suggest that PP and SRP are emitted together only during highly erosive storm flows. This assumption is supported by other references [11, 38] . PP stock in the hydrological network would only recharge itself during these highly erosive storm flows, only once or twice a year in our case.
Soluble P transfer during critical period
The storm flows of the early wet season were characterised by exceptionally high peaks of SP and SRP concentration. To our knowledge, the only study reporting an annual orthophosphate concentration cycle was carried out by Davis and Keller [10] . These authors suggest that phosphorus is released differently depending on the source reservoirs. Kronvang [35] reports high PP exports during storm flows following a long low-flow period, and attributes this to SP storage in the hydrological network. In our case, our balance calculations and our analysis of a succession of early wet season storm flows support the hypothesis that the high mean concentrations of the SP and SRP were due to P released from agricultural soils. We assume that, during this critical period, there is a coincidence between dominant subsurface transfer and high SP concentration in interstitial waters of agricultural soils. This explains the high concentrations and their maintenance during the recession phase in the agricultural sub-watershed and thus the exceptional annual SP peak in the entire watershed. These SP dynamics are very close to those of or Cl -which are both strongly related to the soil content. But the similarity is limited to this kind of hydrological period. Thereafter, the SP only concentrates at the beginning of storm flows like PP [11] .
Even if the SP released during the critical period contributes little to exports on a yearly basis (14% in our watershed), these periods ought to be taken into account for at least two reasons: (1) firstly, because the occurrence of peaks coincides with a period of maximal receptivity in Lake Geneva with respect to phosphorus supply (Barroin, pers. commun.), and (2) secondly, because SP shows a great mobility in the landscape during these periods, in such a standard watershed (with respect to its soils and land use and a priori not particularly suitable for SP exports).
Prospects
The relative decoupling of the particulate and solution forms of P, the spatial discontinuity of transfers [35, 72] , and the time and spatial variability in P speciation characterise the P dynamics of diffuse transfer in rural watersheds. These properties are a challenge for process-based modelling. They should also lead to careful interpretation of the data obtained at the outlet of large watersheds (large storage capacity of the hydrographic network) since the sources and mechanisms occurring in the active zones can be concealed by in-stream processes.
From an agronomic point of view, the risk of SP transfer tends to increase when agricultural practices enhance the soil water pathways (artificial drainage) or increase the soil P content of the cultivated horizon and its surface with minimum tillage practices [17, 63] , mulching [34] and high P inputs [57, 61] . Indeed, Giroux et al. [18] believe that if the soil P saturation rate goes beyond 20%, the risk of SP emission is very high. The study carried out by Heckrath et al. [24] , who set the Olsen-P limit at 60 mg kg -1 beyond which transfers increase, gives similar indications. The high SP contents measured over short periods during the autumn recharge of our watershed could correspond to premonitory signs of a spread of soluble transfers, if soil P contents increase. Only by taking action aimed at managing the P budget is there a hope of decreasing soluble P in runoff considerably in the long term [2, 5, 68] . Recent fertilisation practices based on non-fertilisation policies [6] would help to achieve this goal.
